Rationale Disrupted social behavior, including occasional aggressive outbursts, is characteristic of withdrawal from longterm alcohol (EtOH) use. Heavy EtOH use and exaggerated responses during withdrawal may be treated using glutamatergic N-methyl-D-aspartate receptor (NMDAR) antagonists. Objectives The current experiments explore aggression and medial prefrontal cortex (mPFC) glutamate as consequences of withdrawal from intermittent access to EtOH and changes in aggression and mPFC glutamate caused by NMDAR antagonists memantine and ketamine. Methods Swiss male mice underwent withdrawal following 1-8 weeks of intermittent access to 20 % EtOH. Aggressive and nonaggressive behaviors with a conspecific were measured 6-8 h into EtOH withdrawal after memantine or ketamine (0-30 mg/kg, i.p.) administration. In separate mice, extracellular mPFC glutamate after memantine was measured during withdrawal using in vivo microdialysis. Results At 6-8 h withdrawal from EtOH, mice exhibited more convulsions and aggression and decreased social contact compared to age-matched water controls. Memantine, but not ketamine, increased withdrawal aggression at the 5-mg/kg dose in mice with a history of 8 weeks of EtOH but not 1 or 4 weeks of EtOH or in water drinkers. Tonic mPFC glutamate was higher during withdrawal after 8 weeks of EtOH compared to 1 week of EtOH or 8 weeks of water. Five milligrams per kilogram of memantine increased glutamate in 8-week EtOH mice, but also in 1-week EtOH and water drinkers. Conclusions These studies reveal aggressive behavior as a novel symptom of EtOH withdrawal in outbred mice and confirm a role of NMDARs during withdrawal aggression and for disrupted social behavior.
Aggressive behavior during withdrawal from alcohol (EtOH) is of substantial concern to public health and also criminal justice (Cardoso et al. 2006) . Withdrawal-induced violence toward caretakers or in the emergency room (Abeyasinghe and Jayasekera 2003; Citrome and Volavka 1999; Patch et al. 1997 ) may result from impaired behavioral inhibition (Bjork et al. 2004; Wills et al. 2009 ). Features of EtOH withdrawal can include dysfunctional social and aggressive behavior (Broadwater et al. 2011; Overstreet et al. 2002; Varlinskaya and Spear 2004) , in addition to common symptoms such as headaches, fever, convulsions, and anxiety (Trevisan et al. 1998) . Experimental studies examining either recovering alcoholics or heavy, binge-drinking youths independently link greater increases in frustration and irritability during early abstinence to a higher chance of relapse (Baars et al. 2013; Winward et al. 2014) . It would be beneficial to identify a translational model of EtOH withdrawal-induced aggression.
Heightened aggressive and defensive activity are among the most striking behavioral events seen in laboratory mice and rats undergoing opiate withdrawal (Kantak and Miczek 1982; Lal et al. 1971; Vivian and Miczek 1991) , but no such aggression-focused model exists for animals undergoing EtOH withdrawal. Early studies document impaired social interactions between animals during EtOH withdrawal (File et al. 1989) , which can be augmented by repeated withdrawal cycles (Overstreet et al. 2002) . Other behavioral tests, such as the elevated plus maze, suggest anxiety-like behavior during EtOH withdrawal (Kampov-Polevoy et al. 2000) . However, these tests may not be repeated over the time course of withdrawal nor do they assess aspects of sociability. EtOH dependence may result from a specific pattern of long-term, intermittent heavy drinking, or Bbinge^episodes, followed by periods of deprivation. In the current study, not only did the mice consume EtOH voluntarily according to an intermittent schedule of access, one which produces excessive drinking that is associated with neurobiological indices of dependence and withdrawal (George et al. 2012; Hwa et al. 2011 ), but they also were repeatedly tested for social encounters in the home cage.
One of the cardinal features of EtOH withdrawal is a hyperexcitable state caused by the upregulation of glutamatergic activity in the brain (Chefer et al. 2011; Rossetti et al. 1999) . Cycles of heavy EtOH consumption and deprivation are hypothesized to produce a kindling process caused by multiple withdrawals, similar to electrophysiological kindling (Ballenger and Post 1978) . In support of this hypothesis, EtOH withdrawal episodes also encompass hypermotility (Poldrugo and Snead 1984) and increased seizure scores (Becker and Hale 1993) . Microdialysis studies have shown increased glutamate in the striatum (Rossetti and Carboni 1995) , nucleus accumbens (Dahchour et al. 1998; Melendez et al. 2005a; Kapasova and Szumlinski 2008; Griffin et al. 2014) , and hippocampus (Dahchour and De 1999; Chefer et al. 2011 ) during withdrawal in EtOH-exposed rats and mice. Therefore, glutamate and its receptors are of considerable interest for targeting treatments for EtOH dependence.
In particular, the glutamatergic N-methyl-D-aspartate receptors (NMDARs) may mediate the effects of EtOH since acute doses of EtOH inhibit the function of NMDARs (Lovinger et al. 1989) . To mimic this action, NMDAR antagonists have been used to decrease EtOH drinking and to alleviate symptoms of EtOH withdrawal, including convulsive events (Erden et al. 1999; Grant et al. 1990 ). For example, FDA-approved acamprosate can decrease EtOH preference in rats and suppress the elevated glutamatergic tone during repeated withdrawal (Dahchour et al. 1998; Spanagel et al. 1996) . The uncompetitive NMDAR antagonist memantine attenuates EtOH withdrawal-induced seizures (Stepanyan et al. 2008 ) and protects against EtOH withdrawal-induced cell death and NMDAR upregulation in rats (Idrus et al. 2011; Maler et al. 2005) . Importantly, memantine also reduces cravings for EtOH in moderate users and in EtOH-dependent subjects (Bisaga and Evans 2004; Krupitsky et al. 2007) . The pharmacokinetics of memantine may incorporate a Bpartial trapping^mechanism where the drug binds to a superficial site on the NMDAR instead of a deep site (Kotermanski et al. 2009 ). These more rapid on-off kinetics contribute to a favorable clinical profile compared to other NMDAR antagonists like ketamine and phencyclidine (Blanpied et al. 1997; Krystal et al. 2003; Macdonald et al. 1991) , prompting its proposed use as a treatment for the symptoms of EtOH withdrawal (Spanagel et al. 1996) .
The present study examined aggression in Swiss male outbred mice that underwent withdrawal from intermittently available 20 % EtOH. Specifically, we investigated how glutamate and NMDARs play a role in withdrawal aggression through systemic injections of NMDAR antagonists memantine and ketamine at the peak of acute withdrawal symptoms. As EtOH withdrawal is accompanied by increased glutamatergic neurotransmission, we speculate that NMDAR antagonism restores normal glutamate activity, thereby decreasing aggression. An alternative hypothesis predicts that administration of NMDAR antagonists increases aggressive behavior in EtOH-withdrawn mice, possibly as a result of nonspecific alterations in medial prefrontal cortex (mPFC) circuitry. The mPFC is a crucial area in the behavioral disinhibition and cognitive decline during the transition to drug and EtOH addiction (George and Koob 2010) , as well as in EtOHheightened aggression (Quadros et al. 2014) . PFC pyramidal neurons release excitatory amino acids, like glutamate, locally (Pirot et al. 1995; Thomson and Deuchars 1994) and project to the nucleus accumbens and ventral tegmental area (Sesack and Pickel 1992) . A final experiment provides direct measurement of mPFC glutamate and other excitatory amino acids during EtOH withdrawal and its manipulation through memantine and resumption of EtOH intake. Restoration of dysregulated mPFC extracellular glutamate may provide evidence for the neuroprotective effects of memantine during EtOH withdrawal.
Methods Animals
Swiss-derived, Carworth Farm Webster (CFW) male mice (Charles River Laboratories International Inc., Wilmington, MA) were 8 weeks old upon arrival and initially housed for 3 days in groups of six before being housed individually in polycarbonate cages (28×17×12 cm) with stainless steel wire mesh lids and pine shavings as bedding. Mice were randomly assigned to be on either EtOH-drinking or water-drinking schedules then assessed as resident aggressors or for in vivo microdialysis. Other groups of CFW mice served as intruders that were housed in groups of eight to ten in 46×24×16 cm polycarbonate cages with corn cob shavings as bedding. All animals were given 1 week to habituate to laboratory conditions on an inverse 12 h light/dark cycle (lights off at 7 a.m.) with constant temperature (21±2°C) and humidity (30 %).
Mice had unrestricted access to food (LabDiet 5001 Rodent Diet, PMI Nutrition International, Brentwood, MO) and water (H 2 O). All experimental procedures were approved by the Tufts University Institutional Animal Care and Use Committee and complied with the NIH Guide for Care and Use of Laboratory Animals (2011).
Intermittent access to ethanol

Ethanol drinking procedures
Outbred CFW mice were given intermittent access to a 20 % EtOH (w/v) solution according to the procedure used in inbred C57BL/6J mice (Hwa et al. 2011) . Three days per week, with 24-48 h between EtOH access days, EtOH-drinking mice had a two-bottle choice between 20 % EtOH and H 2 O for 24 h. On the remaining days, the mice had two bottles of H 2 O. H 2 Odrinking controls had continuous access to two bottles of H 2 O. Drinking tubes were held in the wire mesh cage lid and weighed before and after 24 h access. Mice were weighed prior to every EtOH access day before receiving the two bottles, 3 h into the dark cycle. H 2 O drinkers were also weighed 3 days per week. To control for evaporation or spillage, Bdripm easurements (ca. 0.2 ml) were taken from bottles on an empty cage. These values were averaged across 1 week, and subtracted from each individual animal's fluid intake. Daily fluid intake of 20 % EtOH and H 2 O was measured in milliliters to calculate EtOH consumption in grams of EtOH per kilogram of body weight (g/kg) and EtOH preference, defined as volume of EtOH intake divided by volume of total fluid intake (%). In addition to EtOH consumption, blood EtOH concentrations (BECs) were measured after 4 weeks of EtOH drinking in a subset of mice (n=24). Blood was collected from the submandibular vein after 1 h access to two-bottle choice. Samples were centrifuged at 3000 rpm for 10 min, and plasma was analyzed using the Analox AM1 Alcohol Analyzer (Analox Instruments Inc., Lunenberg, MA).
Handling-induced convulsions
The above groups of mice given intermittent access to EtOH for 1, 4, or 8 weeks were assessed for handling-induced convulsions (HIC) as a physical measure of EtOH dependence (Goldstein and Pal 1971) . HIC scores were assigned according to a 0-4 ordinal scale (Goldstein 1972 ). Scores of 2 or greater indicated the presence of tonic-clonic convulsions upon handling. Assessments were made every 2 h for 0-10 h after the EtOH bottle was removed.
Aggression during withdrawal
Our laboratory has been using CFW mice for almost four decades to study the pharmacology of aggressive behavior (Miczek and O'Donnell 1978; Quadros et al. 2014) . These mice are the most commonly studied among outbred stocks (Festing 2014) . Before the first presentation of EtOH, resident mice were screened for home cage aggression against a male conspecific in a resident-intruder protocol (Miczek and O'Donnell 1978) . During this initial screening phase, residents encountered an intruder inside a perforated protective cage for 5 min of instigation before the confrontation (Fish et al. 1999) . Aggressive encounters lasted for 5 min after the first attack bite or 10 min with no attack bites. Each resident mouse was screened for 5-10 sessions to establish consistent aggression as part of its behavioral repertoire. Animals that did not show any aggression during this phase or showed no aggression during drug testing were not included in the remainder of the study (n=30). After selecting for baseline aggression, mice were divided into EtOH-(n=55) or H 2 O-drinking (n=25) groups. The emergence of aggression during EtOH withdrawal was tested after 1, 4, or 8 weeks of intermittent access to EtOH. HIC scores revealed that 6-8 h after the removal of EtOH was the peak of acute withdrawal in CFW mice, so withdrawal aggression tests also occurred on different days but during this time period.
Withdrawal aggression after NMDAR antagonism
To probe the glutamatergic system during withdrawal from intermittent EtOH, we administered an NMDAR antagonist to mice before aggression tests. Mice were habituated to i.p. injections of dH 2 O before testing. In a repeated measures design, mice received all doses of memantine or ketamine across 2 weeks of intermittent EtOH and withdrawal test periods. H 2 O-drinking controls were tested for aggression during these same time periods. Specifically, resident-intruder confrontations occurred in the home cage without prior social instigation, and mice (EtOH-1 week: n = 10, 4 weeks: n =24, 8 weeks: n=21; H 2 O-1 week: n=8, 4 weeks: n=10, 8 weeks: n=7) received doses of memantine (3-30 mg/kg, i.p., or dH 2 O vehicle) 20 min prior to the confrontation. A separate group of 8-week EtOH mice (n = 17) received doses of another NMDAR antagonist, ketamine (3, 5, 10 mg/kg, i.p., or dH 2 O vehicle) 10 min before the confrontation. Memantine and ketamine doses were counterbalanced and delivered in 1 ml/100 g.
Tests commenced with the introduction of the intruder and lasted for 5 min after the initial attack bite by the resident. Sessions were digitally recorded for later video analysis of aggressive (i.e., attack bites, sideways threats, tail rattles, and pursuits), nonaggressive nonsocial (i.e., walking, rearing, and autogrooming), and nonaggressive prosocial (contact with intruder) behaviors (Miczek and O'Donnell 1978) . Frequencies and durations (s) of behaviors were scored using the Observer XT 9.0 software (Noldus, Wageningen, The Netherlands).
Glutamate in vivo microdialysis
Surgery CFW mice underwent stereotaxic surgery for mPFC glutamate microdialysis after EtOH or H 2 O for 1 week (EtOH: n=5, H 2 O: n=7) or 8 weeks (EtOH: n=5, H 2 O: n=10). Mice were given an i.p. ketamine (100 mg/kg)/xylazine (10 mg/kg) combination for anesthesia and s.c. carprofen (5 mg/kg) for analgesia before intracerebral implantation. CMA7 26-gauge guide cannulae (Harvard Apparatus, Holliston, MA) were aimed 1 mm above the mPFC at coordinates AP +1.5 mm and ML +0.3 mm from bregma and DV −1.0 mm from dura and affixed to the skull using carboxylate cement (Durelon®, 3M). Mice recovered for 3 days and then had 2-3 days of intermittent access to EtOH before they were tested for mPFC glutamate.
In vivo microdialysis
Microdialysis sampling of mPFC glutamate after memantine injection was conducted in order to reveal why memantine may increase withdrawal aggression through changes in glutamate signaling. Glutamate samples during peak withdrawal matched the timing when mice received memantine before a confrontation with an intruder during 6-8 h withdrawal. On test days, mice were anesthetized with isoflurane (Webster Veterinary, Devens, MA), and the dummy probes were replaced with CMA7 microdialysis probes with a 1-mm active membrane (Harvard Apparatus, Holliston, MA). We believed waiting 6 h after probe insertion would be sufficient time to allow tissue to recover before baseline samples were collected. It has been demonstrated that extracellular glutamate levels stabilize following probe insertion after 3-4 h (Yan et al. 1998; Reznikov et al. 2007 ), yet some research have measured basal levels immediately after probe insertion (Segovia et al. 1997; Dahchour et al. 1994 ). Further, mice had 24 h access to EtOH the evening before, so it was crucial to not interrupt the heavy drinking. Alcohol was removed on the test day when the probe was inserted, beginning the withdrawal process and glutamate stabilization.
After probe insertion, artificial cerebral spinal fluid was perfused at a flow rate of 0.5 μl/min (CMA400 microinfusion pump, Harvard Apparatus, Holliston, MA). Five hours later, the flow rate was increased to 1.5 μl/min 1 h before microdialysate collection. The samples were collected every 20 min, during the same period as peak HIC scores and withdrawal aggression, 6-8 h into acute withdrawal. After collecting four baseline samples, mice were injected with dH 2 O (i.p.) to control for potential injection stress and then 5 mg/kg (i.p.) memantine. This dose was chosen because it showed proaggressive effects during withdrawal in long-term EtOH-drinking animals. Changes in glutamate were calculated in percent change from baseline in micromolars. There were two samples collected following dH 2 O injection and three following memantine injection. Since aggressive encounters lasted for 5 min after drug injection, the first sample after the drug injections during microdialysis was used for analysis. In separate mice, 2 g/kg EtOH was administered via gavage (i.g.) during peak withdrawal to compare between two different pharmacological means of NMDAR antagonism in mice with a history of 8 weeks of EtOH (n=7) and H 2 O (n= 6). Mice were also habituated to either i.p. or i.g. injections before testing. After testing, animals were given an overdose of ketamine/xylazine, then perfused with saline followed by 4 % paraformaldehyde before sectioning. Coronal brain slices were cut using a cryostat, and correct mPFC placements were verified using Nissl staining. Mice with placements outside the mPFC or glutamate samples below the limit of detection were excluded from analysis (n=10).
HPLC
Glutamate was measured using an HPLC-electrochemical detection (ECD) system and a precolumn ortho-phthalaldehyde (OPA) derivatization method. Mobile phase consisted of filtered 0.1 M phosphate buffer/methanol/acetonitrile (85:4:11) including 5 mg/l EDTA 2Na, pH 6.0, and ran at a flow rate of 0.5 ml/min through an Eicompak FA-3ODS analytical column (3.0 mm i.d.×50 mm, Eicom, USA) with a temperature of 30°C and VT-05 detection cell (Antec, The Netherlands). For derivatization, 20 mM OPA was prepared from 0.5 M potassium carbonate including 10 % 2 N hydrochloric acid with added 0.2 % 2-mercaptoethanol, which was then diluted to 5 mM OPA-mercaptoethanol. An autosampler (AS100, Antec, The Netherlands) transferred 5 μl 5 mM OPAmercaptoethanol reagent to 20 μl microdialysate and left for 2.5 min before 15 μl was injected onto the column for HPLC analysis. Using this method, the following amino acids were separated and measured: glutamate, glutamine, glycine, alanine, taurine, and GABA. All chemicals were obtained from Sigma, unless otherwise specified.
Recovery and probe dynamics were similar between the groups of mice. Although day-to-day variations may have occurred, EtOH and H 2 O drinking groups of mice were tested concurrently, with 1-and 8-week groups mixed, as well. Amino acid concentrations were determined by using standard curves with known amounts in a range of 1 μM to 1 mM. The average baselines of each experimental group were determined from the standards and could be compared to the other groups.
Statistical Analyses
EtOH drinking (g/kg/24 h) and EtOH preference over time were analyzed using one-way repeated measures (RM) analyses of variance (ANOVA). Because of the ordinal nature of HIC scores, convulsions during withdrawal were compared using the Kruskal-Wallis ANOVA on ranks. Also, the proportion of mice that showed aggression during withdrawal was analyzed using a χ 2 test with the Dunn's method for post hoc testing. Other behavioral measures during withdrawal from intermittent EtOH over time were analyzed with two-way RM ANOVA (drinking time in weeks vs. drinking condition of EtOH or H 2 O) as well as during drug testing (drinking condition vs. NMDAR antagonist dose). Extracellular glutamate samples in the mPFC were compared over time with two-way RM ANOVA as well (drinking condition vs. time). Holm-Sidak post hoc tests were performed when applicable (α=0.05).
Results
Intermittent EtOH drinking and withdrawal
Over time, mice increased their daily EtOH intake to 14.39± 0.35 g/kg and their EtOH preference to 0.43±0.04 (g/kg: F (7, 630) =13.65, p<0.001; preference: F (7, 630) =15.27, p<0.001; Fig. 1a ). Holm-Sidak post hoc tests revealed an increase in EtOH consumption (g/kg) and a larger EtOH preference after week 3 compared to week 1 (g/kg and preference: week 3: p<0.05, weeks 4-8: p<0.001). BECs taken after 4 weeks of intermittent access to EtOH, 1 h after bottle presentation, suggest that most CFW mice drank to mild intoxication during the initial hour of access (53.48±13.46 mg/dl), but there was a wide range of BECs (11.10-284.3 mg/dl).
Several behavioral indicators of EtOH withdrawal were assessed in different groups of mice drinking for 1, 4, or 8 weeks. First, mice showed group differences in HIC scores from 0 to 10 h into acute withdrawal (0 h H (2) = 15.53, p <0.001; 4 h H (2) =11.22, p <0.05; 6 h H (2) = 13.59, p = 0.001; 8 h H (2) = 28.62, p < 0.001; 10 h H (2) = 22.22, p<0.001). The post hoc Dunn's method revealed that the 1-week EtOH group differed from the 8-week EtOH group at the 0, 4, 6, 8, and 10 h time points (p<0.05), and the 4-week EtOH group differed from the 8-week EtOH group at 8 and 10 h (p<0.05). The proportion of mice showing tonic-clonic convulsions, meaning a score of 2 or higher on the Goldstein (1972) scale, peaked at 8 h into withdrawal, with over half of the mice showing serious convulsions (Fig. 1b) .
Because the 6-8-h time period showed peak HIC scores, we assessed aggressive behavior against a male conspecific in the home cage during 6-8 h withdrawal. Compared to timematched H 2 O drinkers, the proportion of mice showing withdrawal aggression increased over time of intermittent access to EtOH (χ 2 (2) =24.69, p<0.001; Fig. 1c) . Specifically, lower proportions of 1-week EtOH drinkers showed withdrawal aggression compared to both 4-week (p<0.05) and 8-week (p<0.001) EtOH drinkers, and higher proportions of 8-week EtOH drinkers showed aggression compared to 4-week drinkers (p<0.05). Compared to age-matched H 2 O drinkers, only the 8-week EtOH group showed different levels of aggression than the 8-week H 2 O group (p<0.05). We also measured frequencies of attack bites and sideways threats over time. A two-way RM ANOVA showed that mice decreased the frequency of attack bites across time, regardless of EtOHor H 2 O-drinking history (F (2, 74) =5.17, p<0.05; not shown), but there was no interaction between drinking history and time. Holm-Sidak post hoc tests confirmed that 8-week mice were different from 1-week mice (p<0.05). Sideways threats during withdrawal were not different among drinking groups over time (not shown).
Another behavioral measure of withdrawal was an interaction of decreased social contact (s) over time (F (2, 72) =4.63, p<0.05; Table 1 ) during confrontation with a conspecific. One-week EtOH mice showed increased contact with the intruder compared to 1-week H 2 O drinkers (p<0.05), and 8-week EtOH mice showed suppressed contact with the intruder compared to 8-week H 2 O drinkers (p<0.05). Also, 4-and 8-week EtOH drinkers showed suppressed contact compared to 1-week EtOH drinkers (both p<0.05). Since there were no statistical differences in contact duration (s) among H 2 O drinking groups across time, we transformed the contact data to percent change from the H 2 O drinking baseline contact for another depiction. There was also a significant interaction between time and drinking history for percent change from baseline social contact (F (2, 73) =3.72, p<0.05; Fig. 1d ). Both the 4-and 8-week EtOH groups had decreased contact compared to the 1-week EtOH group (both p<0.001), and 1-week EtOH was different from 1-week H 2 O (p<0.05).
Other behavioral measures like baseline autogrooming duration (s) during withdrawal differed in mice with distinctive drinking histories (F (1, 74) =4.81, p<0.05; 
Withdrawal aggression and NMDAR antagonists
In 1-week EtOH and H 2 O drinkers, doses of memantine did not significantly alter aggressive or nonaggressive behaviors. However, a two-way RM ANOVA showed that there was an interaction in rearing duration (s) in the 1-week mice (F (3, 46) = 3.03, p<0.05; Table 1 ). Within H 2 O mice, rearing after 5 and 10 mg/kg memantine was different from rearing after the dH 2 O vehicle (both p<0.05). There were also group differences in rearing behavior between H 2 O mice and EtOH mice at the 5-and 10-mg/kg memantine doses (both p<0.05).
In animals that were drinking EtOH and H 2 O for 4 weeks, memantine administration significantly affected aggressive behavior, specifically frequency of attack bites. There was an effect of memantine (F (3, 96) =3.96, p<0.05; not shown), but there was no significant interaction. A moderate dose of memantine (10 mg/kg) decreased attack bites compared to dH 2 O vehicle in the 4-week EtOH mice (p<0.05). Social contact (s) with the intruder during withdrawal was also affected by memantine after 4 weeks of drinking (F (3, 96) =3.53, p < 0.05; Table 1 ). All doses of memantine decreased contact in the H 2 O drinking group (all p < 0.05), and the effect of 5 mg/kg memantine was different between the H 2 O and EtOH drinkers. No other aggressive or nonaggressive behaviors were affected by memantine at this time point (Table 1) .
After 8 weeks of EtOH drinking, aggressive and nonaggressive behaviors were altered by memantine during withdrawal aggression. A two-way RM ANOVA revealed a significant interaction for attack bites during withdrawal (F (4, 103) =3.96, p<0.05; Fig. 2a ). There were both main effects of drinking condition (F (1, 103) =7.29, p<0.05) and memantine dose (F (4, 103) =9.18, p<0.001). In the EtOH drinkers only, treatment with the 5-mg/kg dose of memantine increased attack bites (p<0.001) and 30 mg/kg memantine decreased attack bites compared to dH 2 O vehicle (p<0.05). Bites during withdrawal from 8 weeks of EtOH after 5 mg/kg memantine were also higher than the H 2 O drinkers (p<0.001). There were also main effects of drinking history (F (1, 103) =5.19, p<0.05; Fig. 1 Table 1 . After 8 weeks of EtOH, a separate group of mice (n=17) was given ketamine, another NMDAR antagonist, before confrontations during withdrawal. Unlike memantine, doses of ketamine (3-10 mg/kg) did not significantly alter aggressive or nonaggressive behavior 6-8 h into withdrawal from intermittent EtOH.
mPFC glutamate during ethanol withdrawal
Mice were implanted with microdialysis probes into the mPFC (Fig. 3) to measure glutamate during ethanol withdrawal and changes in glutamate after memantine administration. There was a significant interaction for baseline glutamate concentrations (μM) in the mPFC (F (1, 145) =12.96, p<0.001; Fig. 4a ). Glutamate was higher in 8-week EtOH mice than 1-week EtOH mice (p<0.001). Both EtOH groups differed from their time-matched H 2 O groups (both p<0.05). Baseline levels of other amino acids during withdrawal from EtOH are shown in Table 2 . There was also an interaction for glutamine during withdrawal (F (1, 144) =9.80, p<0.05). Glutamine was lower in 1-week EtOH drinkers compared to 1-week H 2 O drinkers (p<0.05) but higher in the 8-week EtOH drinkers compared to 8-week H 2 O drinkers (p<0.05). H 2 O mice also differed across time (p<0.001). There was an EtOH effect for baseline mPFC alanine concentrations (F (1, 146) = 7.61, p<0.05) where EtOH-experienced mice had lower alanine levels than H 2 O drinkers. Similar to glutamate and glutamine, there was an interaction for baseline taurine during withdrawal (F (1, 146) =61.01, p<0.001). Taurine was lower in 1-week EtOH mice compared to 1-week H 2 O mice (p<0.001), but higher in 8-week EtOH mice vs. 8-week H 2 O mice (p<0.001). Both 8-week groups differed from the 1-week groups (H 2 O: p<0.001, EtOH: p<0.05). There were no significant differences in mPFC glycine or GABA among treatment groups during withdrawal.
After comparing baseline glutamate concentrations between groups, we challenged the mice with the 5-mg/kg aggression-heightening dose of memantine. There was an interaction in percent change glutamate after dH 2 O and memantine administration (F (15, 112) = 3.46, p < 0.001; Fig. 4b ). Memantine administration increased glutamate percent change in 1-week H 2 O and EtOH drinkers in a similar manner compared to baseline (both p<0.001). However, only 8-week EtOH drinkers showed increased glutamate after memantine compared to baseline (p<0.001), which also differed from the H 2 O drinkers (p<0.001). The 1-and 8-week H 2 O groups differed after memantine injection (p<0.001).
Separate mice with histories of 8 weeks of EtOH (n=7) or H 2 O (n=6) were given 2 g/kg EtOH gavage injections to measure changes in glutamate compared to memantine administration. There was an effect of EtOH gavage on both drinking groups (F (4, 43) =5.74, p<0.001; not shown) and no interaction. Glutamate increased 164±18 % in EtOH mice and 174±19 % in H 2 O mice after 2 g/kg EtOH.
Discussion
Male outbred mice given intermittent access to EtOH escalated their drinking with evidence for dependence. After 4 and especially 8 weeks of EtOH, half of the mice reacted to #p<0.05 vs. 1 week. +p<0.05 vs. baseline. b Glutamate percent change after dH 2 O or 5 mg/kg memantine i.p. injection in mice that consumed H 2 O (white bars) or EtOH (gray bars) for 1 week. c Glutamate percent change after dH 2 O or 5 mg/kg memantine i.p. injection in mice that consumed H 2 O (white bars) or EtOH (black bars) for 8 weeks handling with tonic-clonic convulsions upon 6-8 h withdrawal from EtOH. These physical signs of withdrawal were accompanied by reduced social interaction and higher levels of aggression with a conspecific male during the withdrawal period. The NMDAR antagonist memantine, but not ketamine, exacerbated withdrawal aggression at the 5-mg/kg dose after 8 weeks of EtOH consumption correlating with increased extracellular mPFC glutamate during the same time period. The key findings of convulsions, impaired social behavior, and increased glutamate during withdrawal emerging after 8 weeks of intermittent EtOH indicate elements of dependence.
The current studies highlight intermittent access to EtOH as a protocol that generates excessive intake without the need for sweeteners, EtOH fading, H 2 O deprivation, or forced exposure. Previously, this escalation was reported in outbred rats given intermittent access (Simms et al. 2008; Wayner et al. 1972; Wise 1973) and then in inbred C57BL/6J mice (Hwa et al. 2011; Melendez 2011) . Here, we present the first findings using outbred, Swiss-derived mice that increase EtOH intake to about 15 g/kg/day and approximating 50 % ethanol preference. Some individuals show binge-like intake, as confirmed by high BECs during the initial hours of access. Alternating between periods of high EtOH intake and abstinence may produce aspects of EtOH withdrawal syndrome, characterized in rodents by hyperexcitability, rigidity of the tail and body, and increased seizure activity (Adinoff et al. 1988; Little et al. 1986 ). As mice continued to drink according to this phasic schedule, higher proportions of tonic-clonic convulsions were elicited. During resident-intruder tests, EtOHwithdrawn mice also showed more walking behavior compared to H 2 O controls, an indicator of hyperexcitability. A similar pattern was observed for social contact during withdrawal from an EtOH liquid diet (File et al. 1989; Overstreet et al. 2002 )-mice that drank EtOH for 8 weeks showed reduced levels of social contact compared to H 2 O drinkers. Similarly, administration of NMDAR antagonists may enhance social inhibition (Morales and Spear 2014) . Deficits in social interaction have been interpreted to result from anxiety-like states (File and Seth 2003) .
Our set of experiments additionally described an understudied symptom of EtOH withdrawal: aggression. For example, a Sri Lankan hospital documented alcohol withdrawal as the most common cause (45.7 %) of violence in the monitored year (Abeyasinghe and Jayasekera 2003) . In addition to violence, high emotional reactivity during sustained abstinence may be a large contributing factor to relapse, in heavy binge-drinking adolescents (Winward et al. 2014) . Relapse was most highly correlated with aggression, more so than with impulsivity, anxiety, and depression in abstinent male alcoholics (Baars et al. 2013) . We report that high proportions of mice show aggression during withdrawal from 8 weeks of EtOH. However, frequency of attack bites tended to decrease over time in both H 2 O and EtOH groups. This may be attributed to an inhibition of aggression that occurs with age into later adulthood, documented both in some mice and humans (Clement et al. 1987; Gray et al. 1991; Loeber and Hay 1997) . A more detailed analysis of the social confrontations promises to reveal whether aggression during withdrawal is reactive and defensive or proactive and offensive. As is the case with opiate and benzodiazepine withdrawal-induced aggression, we speculate that EtOH withdrawal-induced aggression is also reactive in nature (Gianutsos and Lal 1978; Kantak and Miczek 1986; Krŝiak et al. 1998) .
The current study also found that increased extracellular glutamate concentrations in the mPFC during withdrawal characterized long-term alcohol use. Past research has shown increased glutamate during the first 12 h of withdrawal from forced alcohol exposure in the striatum (Dahchour et al. 1998; Griffin et al. 2014; Melendez et al. 2005a; Rossetti and Carboni 1995) and hippocampus (Chefer et al. 2011; Dahchour and De 2003) . Molecular work also demonstrates an upregulation of NMDAR following chronic EtOH and withdrawal (Clapp et al. 2010; Kalluri et al. 1998; Rani and Ticku 2006) . Our results extend these findings by measuring intra-mPFC glutamate in mice withdrawn from two-bottle choice drinking (Ding et al. 2013) . Prefrontal cortical pyramidal neurons are rich in glutamate projections that release excitatory amino acids in the nucleus accumbens and ventral tegmental area (Sesack and Pickel 1992; Taber and Fibiger 1995) . Extracellular glutamate in the mPFC has been shown to be regulated by the cysteine glutamate exchanger and group I metabotropic glutamate receptors (Melendez et al. 2005b) and derived from vesicular synaptic and nonvesicular glial release (Danbolt 2001; Haydon 2001) . Future studies need to examine the source of the glutamate and glutamatergic afferents to the mPFC during EtOH withdrawal. We also found increased glutamine concentrations in the mPFC, so astrocytes may be a candidate for the source of glutamate. In support of this hypothesis, others have found altered glial plasticity in the (Kim et al. 2014 ) and decreased glutamate clearance caused by the excitatory amino acid transporter, which normalizes after 2 weeks of abstinence (Ding et al. 2013; Kalinine et al. 2014 ). An unexpected finding was that glutamate activity was different after memantine injection in the 1-vs. 8-week H 2 O mice. It is possible that social isolation for 8 weeks could have altered glutamate activity. Past research has found increased mGluR6 and AMPA3 glutamate receptor subunits in the mPFC of socially isolated rats (Levine et al. 2007 ). However, Melendez et al. (2004) found decreased mGluR1 and mGluR5 protein in the dorsal mPFC and reduced PFC glutamate after mGluR1 agonist or mGluR2 antagonism in social isolates. Isolation through single housing is a facet of the intermittent EtOH procedure. Our results confirm that the mPFC plays a large role in the transition to EtOH dependence (George et al. 2012; Kroener et al. 2012; Holmes et al. 2012) , withdrawal from drugs of abuse (Williams and Steketee 2004) , and EtOH-related aggression (Quadros et al. 2014) . The mPFC has long been associated with the inhibitory control of emotional outbursts, including aggression and violence (Nelson and Trainor 2007; Siegel et al. 1974) . Aggressive behavior has been linked to PFC hypoactivation, especially in the dorsal anterior cingulate in humans (Sterzer et al. 2005; Meyer-Lindenberg and Weinberger 2006) , and alcohol further impairs inhibitory control through diminished PFC activity (Anderson et al. 2011) . Recent studies using optogenetics confirm that the silencing of excitatory neurons in the mPFC causes increased aggressive behavior and its activation suppresses aggression (Takahashi et al. 2014) . The current experiments showing changes in mPFC glutamate and social behavior are consistent with this body of literature. One limitation of our microdialysis study was that the probes spanned both the infralimbic and prelimbic subregions of the mPFC. It is thought that the infralimbic region is associated with visceromotor activity, whereas the prelimbic region is connected more with cognitive functions (Vertes 2004; Hoover and Vertex 2007) . However, complex goal-directed behaviors entail an integration of visceral and cognitive elements, as in the case of negative affect during withdrawal from long-term drug abuse.
One distinct feature of the experimental design is that we used intermittent access to EtOH to induce high levels of voluntary drinking leading to dependence and withdrawal. It is thought that the progressive intensification of EtOH withdrawal symptoms following cycles of intoxication and withdrawal represents a kindling mechanism (Becker and Hale 1993) . These long-term changes in neuronal hyperexcitability might be related to the progression of alcohol withdrawal symptoms from tremor to seizures, as well as the alcoholic personality changes between episodes of withdrawal (Ballenger and Post 1978) . EtOH vapor exposure can elicit robust HICs for the first 10 h during acute withdrawal in male C3H mice (Becker and Hale 1993; Becker et al. 1997) . The intensity and severity of withdrawal HIC scores in mice that have been withdrawn multiple times are greater than in mice that were tested following a single episode of withdrawal from the same cumulative vapor exposure. Though we cannot account for the effects of cumulative EtOH exposure in a continuous drinking protocol, we speculate that the multiple withdrawals in the intermittent access protocol would yield similar results as the intermittent EtOH vapor. Our laboratory and others have studied withdrawal seizures during withdrawal from EtOH liquid diet (Freund and Walker 1971) , EtOH vapor (Becker and Lopez 2004; Crabbe et al. 1983) , and intermittent access to 20 % EtOH (Hwa et al. 2011) in C57BL/6J mice. Despite high BECs with the repeated drinking-in-the-dark protocol, some mice still do not show HIC during acute withdrawal, so the emergence of HIC after intermittent access in the CFW strain is a novel observation. With intermittent access to alcohol, there are repeated episodes of EtOH intoxication and withdrawal. While previous research has measured glutamate at a single time point during EtOH withdrawal, the present studies assessed levels of prefrontal cortical amino acids at different time points along the progression to dependence.
Interestingly, we found that NMDAR antagonism via memantine treatment can precipitate withdrawal aggression. Memantine biphasically increased aggression in mice undergoing withdrawal from 8 weeks of intermittent EtOH at the 5-mg/kg dose. This effect differed from ketamine, which did not change aggressive behavior in withdrawn mice at any dose. Memantine may differ from ketamine affecting aggressive behavior perhaps caused by differential binding kinetics of the two compounds, like the partial trapping of memantine to a superficial site on NMDA receptors (Kotermanski et al. 2009 ). Our laboratory has also found that moderate doses of memantine, neramexane, and MTEP interacted with acutely administered EtOH to increase aggression while ketamine did not (Newman et al. 2012) . With increasing doses of memantine, other pharmacological targets are recruited, including serotonin and dopamine uptake, serotonin receptors, nicotinic acetylcholine receptors, sigma-1 receptors, and voltage-activated sodium channels (Brau et al. 2001; Danysz et al. 1997 ). For example, memantine's action as a 5-HT3 receptor antagonist is greater than that of ketamine (Rammes et al. 2001) . Memantine may escalate aggression by reducing serotonin while ketamine does not; however, memantine may block serotonin and dopamine reuptake as well as MAOA and MAOB activity (Onogi et al. 2009) . A future direction could measure PFC serotonin following memantine treatment during EtOH withdrawal (Shearman et al. 2006) . Altogether, it is the binding characteristics of these compounds, including the Bpartial trapping,^and the nonspecificity of higher doses that may contribute to the aggression-heightening effects. Furthermore, there is a known significant positive correlation between CSF glutamate concentrations and impulsive aggression in human subjects (Coccaro et al. 2013) . Repeated episodes of withdrawal characterized by increased glutamate may increase the likelihood of aggression during periods of abstinence.
In sum, our results highlight a novel asocial behavioral phenomenon in mice, increased aggression toward an intruder, during EtOH withdrawal. These studies further show how intermittent access drinking protocols can generate several dependence-like symptoms in outbred animals. In addition to examining the deficits in social behavior from long-term drinking, it was unexpected to observe prosocial behavior during the initial stages of drinking. Mice were screened for aggression before access to EtOH, so the decreased aggression and increased social contact may result from heightened social exploration linked to the start of EtOH consumption. Perhaps there were carryover effects from low-dose EtOH to facilitate social behavior and novelty seeking which may predict heavy drinking (Kampov-Polevoy et al. 2004) in the form of a novel stimulus animal. Another limitation was that we did not measure glutamate concentrations in the same individuals that underwent social confrontations. This was a correlative study, in which sets of mice had either short-term or long-term access to EtOH or H 2 O with similar memantine manipulations. But, we cannot ignore the fact that a history of aggressive behavior could change tonic glutamate levels in the mPFC. Nevertheless, we demonstrate a role for memantine in escalating aggression in the absence of long-term EtOH intake, which is related to our previous findings that memantine interacts with acutely self-administered 1 g/kg EtOH to increase aggression (Newman et al. 2012) . Intermittency may be a defining principle for the kindling of NMDAR activity during withdrawal within periods of heavy intoxication in EtOH-use disorders.
